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Background: The Drosophila segment polarity gene
hedgehog encodes a member of a family of secreted pro-
teins that are involved in a variety of patterning processes,
in both vertebrates and invertebrates. Some of these pro-
cesses depend upon short-range or contact-dependent
interactions, whereas others seem to involve long-range
signalling. Two different models have been proposed to
account for the execution of these contrasting processes
by the same proteins: one postulates that Hedgehog acts
exclusively over short distances, its long-range influences
being effected through regulation of other signalling
factors; the second postulates that different aspects of
Hedgehog activity are mediated by distinct forms of the
protein that are generated by autoproteolysis .
Results: We have investigated these models by mutating
the hedgehog coding region such that only the amino-
terminal or carboxy-terminal half of the protein is
secreted. Deletion of the carboxy-terminal portion has
little effect on the signalling activity of the protein,
whereas abolishing the secretion of the amino-terminal
half leads to a complete loss of signalling. In addition, we
find that increases in the level of expression within the
normal hedgehog transcriptional domain of either the wild-
type protein or the carboxy-terminal-deleted form
expand the range of activity to a limited extent, but have
only minor effects on cell identity.
Conclusions: In Drosophila, all of the signalling activity
of Hedgehog resides in the amino-terminal portion of the
protein, the secretion of which is essential for its function.
The range of Hedgehog is limited by the close association
of the amino-terminal peptide with the cell surface but
can be extended by elevating the level of its expression.
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Introduction
The expression of the segment polarity gene hedgehog
(hh) is required for the normal patterning of both the lar-
val body segments and the adult appendages of Drosophila
[1]. In imaginal discs, the precursors of adult appendages,
the influence of hh activity extends over many cell diam-
eters [1,2]. Despite this long-range effect, there is good
evidence to suggest that the protein itself acts over only
short distances, regulating the expression of genes encod-
ing other signalling factors, such as wingless (wg) and
decapentaplegic (dpp) [2-6].
An absence of hh activity during embryogenesis has simi-
larly widespread effects on the patterning of individual
segments, as revealed in both the dorsal and the ventral
cuticle patterns of hh mutant larvae [1,7]. As in the imag-
inal discs, hh acts at short range to maintain the expres-
sion of wg in cells adjacent to those expressing hh at each
parasegment boundary [8-11]. Although the control of
wg by hh provides a molecular basis for the long-range
effects of hh on ventral patterning, it has been argued that
this cannot explain the dependence of the dorsal cuticular
pattern on hh activity [7]. Instead, Heemskerk and
DiNardo [7] suggest that hh has a second distinct role as a
morphogen; according to this scenario, the hh-expressing
cells at the parasegment boundary would act as a localized
source generating a graded distribution of Hh protein
across the segment. Thus, the positional identity of dorsal
ectodermal cells would be directly specified by different
levels of Hh.
The Hh protein undergoes post-translational modification
[6,12] to yield three major species that differ in apparent
molecular mass: a 39 kD species, generated by cleavage of
the signal peptide sequence; and 19 kD and 25 kD species,
generated by the autoproteolysis of this secreted form into
amino-terminal and carboxy-terminal peptides, respec-
tively [13]. These latter species have contrasting properties
both in vitro and in vivo: bacterially produced amino-ter-
minal peptide binds to heparin, whereas the carboxy-ter-
minal peptide does not, and when expressed in tissue cul-
ture cells, the amino-terminal peptide remains associated
with the cell surface while the carboxy-terminal form is
secreted into the medium [13]. In line with this behaviour
in vitro, the amino-terminal peptide appears closely associ-
ated with the cells in which it is expressed in the Droso-
phila embryo [6,13,14], whereas the carboxy-terminal
species is more widely distributed across each segment
[13]. These findings have led to the suggestion that differ-
ent modes of hh function may be mediated by these two
different portions of the protein, the amino-terminal form
mediating short-range effects and the carboxy-terminal
peptide effecting long-range signalling [13].
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In this study, we have explored this model by generating
mutant forms of the Hh protein and assaying their activ-
ity when expressed ectopically both in imaginal discs and
in embryos. In addition, we have investigated the pro-
posal that different levels of Hh activity act instructively
to specify positional identity, by manipulating the levels
of Hh protein produced by cells at the parasegment
boundary.
Results and discussion
Construction and characterization of modified Hh proteins
To investigate the relative contributions of the amino-
and carboxy-terminal portions of the Hh protein to hh
signalling activity, we designed two mutated forms of the
hh cDNA and expressed them in developing embryos
and larvae. In the first of these, ACT, we aimed to gener-
ate a form that resembles the endogenous 19 kD amino-
terminal polypeptide. As the precise location of the auto-
proteolysis cleavage site was not known (although it must
lie carboxy-terminal to residue 254 [13]), we introduced
a stop codon at position 310 (see Materials and methods);
this should result in the elimination of 161 residues (or
approximately 80 %) of the carboxy-terminal peptide (see,
Fig. la). In the second construct, ASC, we aimed to gen-
erate a form of the protein from which only the carboxy-
terminal peptide is secreted. As autoproteolysis of Hh
has been shown to be independent of signal cleavage
[13], we mutated the signal cleavage site, anticipating that
this would allow secretion of the carboxy-terminal poly-
peptide while anchoring the amino-terminal half of the
protein in the membrane (see Fig. la). Both modified
cDNAs were cloned downstream of yeast upstream acti-
vating sequences (UAS) in the transformation vector
pUAST [15] and transformed into flies.
To verify that the constructs give rise to the expected
products, protein extracts of embryos in which the con-
structs are activated by GAL4 protein expressed under
control of patched enhancers (ptcGAL4; [16]) were ana-
lysed by western immunoblot analysis (Fig. lb) using an
antibody specific for the amino-terminal portion of the
Hh protein (see Materials and methods). In extracts of
embryos in which the wild-type hh cDNA is driven by
ptcGAL4, we detect two bands with this antibody (Fig.
lb, lane 3), one corresponding to the 39 kD form of the
Hh protein generated by signal cleavage and a second
of around 19 kD corresponding to the amino-terminal
peptide generated by autoproteolysis. Interestingly, this
smaller peptide seems to be more abundant than the un-
cleaved form, in contrast to the endogenous protein [13],
suggesting that autoproteolysis occurs more efficiently
when the protein is overexpressed.
Expression of ASC produces three novel bands (Fig. lb,
lane 2); the largest of these migrates at around 46 kD,
corresponding to the size of the full-length uncleaved Hh
protein. The smallest and most abundant band migrates
at around 26 kD, the size expected of the amino-terminal
Fig. 1. (a) Schematic representation of the wild-type Hh protein
and the two mutant derivatives, ACT and ASC, showing their
expected dispositions following signal cleavage (SC) and auto-
proteolysis (AP). Crosses indicate the sites of mutation in the two
mutant forms. (b) Western immunoblot of protein extracts from
embryos expressing wild-type or modified forms of the hh cDNA.
Lane 1: UAShhACT; lane 2: UAShhASC; lane 3: UAShh. The
weak bands running at 19 kD in lanes 1 and 2 represent the
products of the endogenous hh gene and do not derive from the
mutant constructs.
peptide generated by autoproteolysis in the absence of sig-
nal cleavage (19+7 kD). From this we infer that the ASC
construct also gives rise to the 25 kD carboxy-terminal
peptide that is not detected by our antibody. A third band
that migrates with a relative molecular mass of around
30 kD is present at much lower levels and is presumably
generated by autoproteolysis at a more carboxy-terminal
position. The relative levels of the 46 and 26 kD bands
compared to those of the 39 and 19 kD bands produced
by the wild type cDNA suggest that autoproteolysis of
the ASC protein is slightly less efficient.
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Fig. 2. Distribution and consequences of
ectopically expressed wild-type and
mutant forms of Hh protein in imaginal
discs. Wing imaginal discs from (a)
30A-UAShh, (b) 30A-UAShhACT and
(c) 30A-UAShhASC third-instar larvae
showing the expression of the exoge-
nous and, at much lower levels,
endogenous Hh proteins. (d-f) The
cellular distribution of each of the
exogenous proteins shown in detail.
The ACT construct produces a single band that migrates
with a relative molecular mass of around 25 kD (Fig. 1
lane 1) - the predicted size of the signal-cleaved form
of the truncated protein. Signal cleavage of this protein
thus occurs efficiently, resulting in the secretion of the
amino-terminal peptide fused to the first approximately
50 residues of the carboxy-terminal peptide.
Secretion of the amino-terminal peptide is necessary and
sufficient to reorganize the patterning of imaginal discs
In order to assay the signalling activity of the modified
proteins, we examined the consequences of their ectopic
expression on the development of the wing imaginal
disc. First, we analysed the cellular distribution of each
modified protein by indirect immunofluorescence of
wing discs in which the proteins are ectopically expres-
sed in the anterior compartment, a region of the disc
devoid of endogenous protein. Using our amino-termi-
nal-specific antibody we detect products of both the
ASC and ACT constructs around the periphery of cells,
a distribution similar to that seen with the wild type
protein (Fig. 2d-f); thus, both mutated forms of the
protein seem to be correctly inserted into the plasma
membrane.
As described previously [5], ectopic expression of hh
driven by the GAL4 line 30A results in overgrowth of
the anterior compartment (see Fig. 2a), ectopic activation
of dpp expression and the duplication with reversed
polarity of anterior compartment structures - anterior
margin, wing blade and veins I, II and III (Fig. 3a,b).
Similarly, ectopic expression of ACT results in increased
growth of the anterior compartment (Fig. 2b) associated
with the inappropriate activation of dpp transcription in
neighbouring cells (data not shown) and a concomitant
duplication of anterior wing-blade structures originating
around the costal region of the wing (Fig. 3c). These
effects are similar to, though slightly less extreme than,
those caused by ectopic expression of the wild-type hh
cDNA under the same conditions, resembling more
closely the duplications induced by the latter when
cultured at a lower temperature (Fig. 3b).
Ectopic expression of the ASC protein, by contrast, has
no effect on imaginal disc growth (Fig. 2c) or dpp tran-
scription (data not shown), or on the pattern of the dif-
ferentiated wing (Fig. 3d). We conclude that the organ-
izing activity of hh in the imaginal discs can be mediated
by the amino-terminal half of the protein acting at short
range to activate dpp expression, and that secretion of this
peptide is essential for its activity.
Ectopic expression of the amino-terminal portion of Hh
affects the patterning of both ventral and dorsal
embryonic ectoderm
In order to analyse the signalling capacity of the modi-
fied proteins in the developing embryo, we monitored
the expression of wg in embryos in which each hh con-
struct is activated by GAL4 expressed under the control
of ptc regulatory elements (ptcGAL4). This drives expres-
sion of the proteins in a pattern complementary to that
of the endogenous hh gene. Expression of the wild-type
Hh protein in this pattern results in the ectopic activa-
tion of wg throughout the 'wg-competent' [10] domain
in each parasegment (Fig. 4e), exactly as seen when hh
is ubiquitously expressed under the control of a heat-
inducible promoter [6,17,18]. Expression of ACT under
ptcGAL4 control has essentially identical effects on wg
expression to those of the wild-type Hh protein
(Fig. 4c), whereas in embryos in which ASC is driven by
ptcGAL4, ug is expressed in a wild-type pattern (Fig.
4a). As expected from the changes in wg expression,
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Fig. 3. Effects of ectopic expression of wild-type and mutant forms of Hh on the pattern of the wing. (a) Heminotum and wing of a
30A-UAShh fly raised at 25 C. Note the duplicated notal structures (arrow) and duplication of anterior wing blade; (b) Heminotum
of fly as in (a) but raised at 18 C. There is no duplication of notal structures; duplication of the anterior wing initiates at a more prox-
imal position than in (a). (c) Heminotum and wing of a 30A-UAShhACT fly raised at 25 C. Note the duplicated notal structures
(arrow) and the duplication of anterior wing blade. (d) Wild-type wing typical of a 30A-UAShhASC fly. The arrowheads in (a-c) mark
the axis of duplication.
Fig. 4. Phenotypic effects of the ectopic
expression of wild-type and mutant
forms of hh on wg expression and larval
patterning. Embryonic wg expression
at stage 10 and larval ventral cuticle
patterns of (a,b) ptcGAL4-UAShhASC,
(c,d) ptcGAL4-UAShhACT and (e,f)
ptcGAL4-UAShh animals, respectively.
Note the expansion of the wg domain
in (c) and (e). This alters the specifica-
tion of ectodermal cells, as revealed
in the altered patterns of ventral denti-
cles (d,f); note particularly the elimina-
tion of the posterior rows of finer
denticles from each belt that are typi-
cal of wild-type, and are unaffected in
ptcGAL4-UAShhASC animals (b).
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embryos in which the wild-type hh cDNA or the ACT
construct are expressed under ptcGAL4 control exhibit
changes in the ventral (Fig. 4d,f) and dorsal (data not
shown, but see Fig. 5) cuticular patterns that are iden-
tical to those seen in embryos expressing hh ubiqui-
tously. By contrast, the cuticular pattern of ptcGAL4
ASC embryos is indistinguishable from wild-type (Fig.
4b). Thus, ectopic expression of the amino-terminal half
of the protein, but not of the carboxy-terminal peptide,
is sufficient to respecify the pattern of both ventral and
dorsal cuticle.
It is possible that the effects of ACT on dorsal patterning
are an indirect consequence of its effect on wg expression.
To exclude this possibility, we used a heat-shock-indu-
cible HSGAL4 construct to express the ACT construct
transiently at the stage at which hh activity is proposed
to be directly required for the specification of dorsal hair
identity [7]. Embryos were heat shocked for 20 minutes,
at 8 hours (+ 0.5 h) after fertilization, and their cuticles
were analysed on completion of embryogenesis. As a
control, the wild-type hh cDNA was similarly induced
using the HSGAL4 construct. In each case, transient
ubiquitous expression of the transgene has little effect
on the ventral pattern (Fig. 5a-c), but causes a respecifi-
cation of the dorsal pattern - the region of smooth
cuticle designated cell type 2 by Heemskerk and
DiNardo [7] is expanded at the expense of the thick
hairs and fine hairs that characterise cell types 30 and 4° ,
respectively (Fig. 5e-g). This effect appears stronger in
the case of the wild-type protein than for ACT; but, it is
clear that transient expression of the amino-terminal
portion of Hh is sufficient to respecify the identity of
dorsal ectodermal cells.
Elevated levels of transcription can increase the range of hh
signalling activity
Although the amino-terminal Hh peptide normally
appears in close proximity to the cells from which it is
secreted [6,13,14], it remains possible that some of this
Fig. 5. Larval cuticular patterns follow-
ing transient ubiquitous expression
or elevated spatially-restricted expres-
sion of Hh proteins. Ventral denticle
(a-c) and dorsal hair (e-g) patterns of
HSGAL4, HSGAL4-UAShhACT and
HSGAL4-UAShh embryos, respectively,
following a single 20 min heat shock at
8 h ( 0.5 h) of development. Note the
elimination of the posterior-most row of
denticles in (b) and (c), and the elimina-
tion of type 3 dorsal hairs and the
expansion of region 2 in (f) and (g), by
contrast with the wild-type pattern
in (e). Panels (d) and (h) show the ven-
tral and dorsal cuticle patterns, respec-
tively, of an enGAL4-UAShh larva.
Note the elimination of the posterior-
most ventral denticles in each belt (d)
and the wild-type dorsal hair pattern (h).
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fragment might spread from the expressing cells, at levels
below the limits of immunohistochemical detection, to
exert a long-range effect across each segment. We there-
fore asked whether increasing the levels of Hh protein
produced at the parasegment boundary could lead to
changes in cellular identity across the parasegment. To
do this, we made use of another GAL4 line, in which
the yeast protein is expressed under the control of
engrailed regulatory sequences (enGAL4; A. Brand and
K. Yoffe, unpublished). This drives high-level expression
of the wild-type or modified Hh protein within the
normal hh transcriptional domain (Fig. 6, compare pan-
els a and e). Despite the considerable increase in protein
levels compared to wild type, the Hh-positive cells
remain demarcated by a sharp boundary, suggesting little
diffusion of protein away from the secreting cells.
Embryos expressing such elevated levels of either the
wild-type gene or the ACT construct do exhibit a slight
expansion of the wg expression domain, such that at
stage 11, wg is transcribed in stripes up to two cells
wide, compared to the single-cell-wide stripes typical of
wild-type embryos (Fig. 6f-i).
The effect of both the wild-type hh and the ACT con-
struct on the transcription of ptc, another target of hh
activity, is rather more dramatic. Instead of resolving into
two narrow stripes that flank the hh transcriptional
domain (see Fig. 6b), expression of ptc remains wide-
spread and accumulates at particularly high levels in a
broad stripe posterior to each domain of hh expression
(Fig. 6c,d). This suggests that when expressed at elevated
levels, the amino-terminal portion of the Hh protein can
spread beyond the cells adjacent to those from which it is
secreted: that the ectopic activation of wg is restricted to a
subset of cells that are responsive to Hh (compare Fig. 6
panels g, h and i) suggests that this diffusion generates
a steep gradient of Hh, the transcription of ptc being
activated by levels lower than those required to activate
wg. Most embryos expressing either wild-type hh or
ACT construct under the control of enGAL4 complete
embryogenesis and hatch. Strikingly, although the pat-
terning of the ventral cuticle is slightly affected (Fig. 5d),
the dorsal hair pattern appears essentially normal (Fig.
5h). In the absence of the endogenous hh gene, expres-
sion of ACT under enGAL4 control can partially rescue
Fig. 6. Effects of elevated levels of Hh
protein on wg and ptc transcription. (a)
Distribution of the hhACT-encoded pro-
tein driven by the enGAL4 enhancer
trap line. Note the sharp demarcation
between expressing and non-expressing
cells and the elevated levels of Hh pro-
tein compared to that produced by the
endogenous gene shown in (e). Expres-
sion of (b-d) ptc and (f-h) wg in
embryos expressing hhASC, hhACT and
hh, respectively, under the control of
enGAL4. In the case of hhASC, the
expression of both gene is identical to
wild-type. Note the limited expansion of
the wg stripes (g,h) compared to that
seen when hh is expressed throughout
the parasegment (i).
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the effects of hh null mutations, although not as effectively
as expression of the wild-type gene (data not shown).
Conclusions
Our findings provide conclusive evidence against the
hypothesis that different forms of the Hh protein mediate
different aspects of its signalling activity. According to this
model, the carboxy-terminal peptide is specifically res-
ponsible for the patterning of the dorsal embryonic ecto-
derm [13]. We find, however, that ectopic expression of
the amino-terminal half of the protein results in effects
similar to those induced by the wild-type protein, alter-
ing the identity of cells of both the dorsal and ventral
ectoderm of the developing embryo and of cells of the
anterior compartment of imaginal discs. Conversely, we
detect no effects on either larval or adult patterning fol-
lowing ectopic expression of a form of the protein in
which the signal cleavage sequence is mutated. Thus,
although the amino-terminal peptide is normally found
in close association with the cell surface, its activity
depends critically upon its being secreted; moreover, as
this mutant form of Hh still undergoes autoproteolysis, it
follows that the carboxy-terminal peptide has no intrinsic
signalling activity of its own. We conclude that all sig-
nalling activity of the Hh protein is most likely to reside
in the 19 kD amino-terminal fragment generated by
autoproteolysis. The sole function of the carboxy-termi-
nal portion of the protein seems to be to catalyse the mat-
uration of the Hh protein into its active form, providing a
potential control point for the regulation of Hh activity.
This conclusion is supported by experiments in which
we raised the levels of hh expression without affecting its
spatial restriction. Although we have not directly. visual-
ized the carboxy-terminal peptide in such embryos, we
can infer, on the basis of the elevated levels of the amino-
terminal peptide that we observe, that the concentration
of the carboxy-terminal peptide across each segment is
significantly increased compared to wild-type. Despite
this, no effect on the patterning of the dorsal ectoderm is
detectable. Paradoxically, the expression domains of both
ptc and wg, which are normally restricted to cells directly
contacting those expressing hh, are expanded by the
overexpression of either the full-length or carboxy-ter-
minal-deleted form of the Hh protein. Thus, although
the amino-terminal peptide is closely associated with cells
from which it is secreted, its activity can spread beyond
these cells when it is expressed at sufficiently high levels.
This property could provide the basis of the different
inducing activities of Hh-family proteins observed in ver-
tebrate cells, the difference between contact-dependent
[19] and diffusible [20] effects perhaps reflecting a differ-
ence in concentration rather than form of the protein.
Whilst this paper was under review, a comparable analysis
of the relative activities of the amino- and carboxy-ter-
minal portions of Hh was published by Porter et al. [21],
the results of which confirm those presented here.
Materials and methods
In vitro mutagenesis and germ line transformation
In order to generate hh ACT, the plasmid Bluhh, consisting of a
1.9 kb cDNA fragment containing the complete coding region
of the D. melanogaster hh gene [22] cloned in Bluescript was
digested with Xhol (nucleotide 1301) and filled-in with Kle-
now polymerase. The fragment including the vector sequences
and the 5' end of the hh cDNA was isolated and ligated to a 3'
fragment formed by cleaving Bluhh with FspI (nucleotide
1524) and an enzyme in the polylinker. This resulted in the
generation of a truncated form of the cDNA in which the
methionine (encoded just after the XhoI site) is replaced by a
stop codon, effectively deleting the carboxy-terminal 19 kD of
the protein.
ASC was generated by mutating the alanine and serine in the
signal cleavage sequence AHSC to arginine and asparagine,
respectively. This was achieved using the polymerase chain
reaction (PCR) with complementary oligonucleotides of the
sequence: TTTAGCCCGCGGCACAACTGCGGTCCTG-
GCCGAG (the mutated codons are underlined and the base
changes shown in bold face). Two fragments were amplified,
one extending to the 5' end of the hh cDNA, the other
extending to the Sphl site (nucleotide 1041). These fragments
were digested with SacII, which cuts at the unique site encod-
ed in the oligonucleotide sequence, ligated and used to replace
the EcoR1-SphIl fragment from the wild-type cDNA clone.
The entire amplified region was sequenced to ensure that no
errors were introduced by the PCR. Both constructs were
cloned into the w+ P-element vector pUAST [15], and trans-
formed into Drosophila embryos using standard microinjection
procedures [23]. In each case, three independent lines (desig-
nated UAShhASC20, 26 and 30 and UAShhACTMI, M5
and M6) were established, and used in the described experi-
ments to ensure that the observed effects are independent of
insertion site.
Expression of transgenes in Drosophila embryos and
imaginal discs
Spatially restricted expression of UAS transgenes was achieved
by crossing transgenic lines to ptcGAL4 [16], 30A [15] or
enGAL4 (A. Brand and K. Yoffe, unpublished). Animals were
cultured at 25 C on standard Drosophila medium unless other-
wise stated. For transient ubiquitous expression of the trans-
genes, flies carrying the UAS constructs were crossed to flies
carrying an HSGAL4 construct; embryos were collected from
over I h intervals, transferred to thin layers of I % agarose on
glass microscope slides and incubated in a plastic Petri dish
floating in a water bath at 37 C for 20 min intervals. Following
heat treatment, embryos were returned to 25 C.
Western immunoblot analysis
Embryonic protein lysates were prepared by boiling embryos
in protein sample buffer for 5 min. Following electrophoresis,
the gel and nitrocellulose filter were preincubated in buffer
(25 mM Tris, 192 mM glycine, 20 % v/v methanol, pH 8.3)
prior to transfer for approximately I h at 100 V. Filters were
blocked in PAT (PBS, 1 % BSA, 0.1 % Triton and 0.2 % azide)
for at least 1 h, before incubation overnight at 4 C with a
polyclonal rabbit anti-Hedgehog antibody (1:5 000) raised
against a fusion protein containing the first 247 residues of the
Hh protein [14]. After washing, the filters were incubated with
HRP-conjugated secondary antibody and the signal visualized
using the ECL system (Amersham).
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In situ hybridization
Whole embryos were fixed and hybridized with deoxygenin-
labelled single-stranded wg or ptc RNA probes, as described [10].
Larval and adult cuticle preparations
Adult flies and pharate larvae were dissected in 70 % ethanol,
cleared by incubation in 10 % NaOH at 80 C for 5 min and
mounted in Euparal for examination with the compound
microscope. Larvae were collected just prior to hatching,
removed from their vitelline membranes manually and mounted
in 1:1 lactic acid /Hoyer's medium.
Immunohistochemistry
Fixed embryos and imaginal discs were incubated with poly-
clonal rabbit anti-Hh antibody at 1:2 000 and visualized using
either alkaline phosphatase- or fluorescein-coupled anti-rabbit
IgG. Fluorescent specimens were imaged on a BioRad MRC
1000 confocal microscope.
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